Background: Whole-genome duplications (WGD) have dominated the evolutionary 10 history of plants. One consequence of WGD is a dramatic restructuring of the genome as 11 it undergoes diploidization, a process under which deletions and rearrangements of 12 various sizes scramble the genetic material, leading to a repacking of the genome and 13 eventual return to diploidy. Here, we investigate the history of WGD in the columbine 14 genus Aquilegia, a basal eudicot, and use it to illuminate the origins of the core eudicots.
Columbines share ancient tetraploidy with core eudicots 75 All sequenced core eudicots appear to share a triplicate genome structure due to process: a single round of WGD creates tetraploids (4n) whose unreduced gametes then 87 fuse with diploid gametes (+2n). Scenario 1: gamma hexaploidy precedes the split 88 between columbine and core eudicots, with the former undergoing an additional 89 tetraploidy. Scenario 2: Both gamma hexaploidy and columbine tetraploidy occur 90 after the split between columbines and core eudicots. Scenario 3: Columbine 91 tetraploidy is derived from the ancient tetraploidy that was the first step of the process 92 leading to gamma hexaploidy.
94
We used the grape (Vitis vinifera) genome as a representative of the core eudicots to 95 distinguish between the three scenarios in Fig. 2 . Grape has experienced the least 96 number of chromosomal rearrangements post-gamma and thus strongly resembles the 97 ancestral pre-hexaploid genome [34] . Given the ploidy level of columbine under each 98 scenario, we can predict the synteny relationship between the homologous 99 chromosomes of grape and columbine, which is simply the ratio of haploid chromosome 100 set in grape to that of in columbine. If tetraploidy in columbines is lineage-specific and eudicots do not share the triplicate genome structure of core eudicots, ruling out 106 Scenario 1. 
111
The results are shown here only for the columbine chromosomes 1,2 and the grape 112 chromosomes 6,8 and 13 but reflect the overall synteny relationship of 3:2 between 113 grape:columbine chromosomes (see Fig. S3 for the genome-wide synteny). This pattern 114 argues against Scenario 1, but is consistent with either Scenario 2 or Scenario 3.
116
To distinguish between the two remaining scenarios, we compared the divergence at 117 synonymous sites (Ks) between columbine paralogs, grape paralogs and columbine- for grape paralogs shows two major peaks, as expected under the two-step model for 120 gamma hexaploidy ( Fig. 4 ). However, columbine paralogs and columbine-grape 121 homologs each show a single peak of divergence -and the peaks overlap each other and 122 the "older" divergence peak of grape paralogs. This suggests that columbine tetraploidy 123 is derived from the tetraploidy that eventually led to gamma hexaploidy in core eudicots (col_grape) and within grape (grape_paralogs). Note that only the putative WGD-131 derived blocks (median Ks=1-2) are kept in columbine ( Fig. S2 ).
133
To further explore the hypothesis of a shared WGD by all eudicots, we focused on the 134 gene order similarity between the homologous regions of columbine and grape. If 135 columbine and grape have descended from a common tetraploid ancestor, they should 136 have inherited diploidization-driven differential gene order on the paralogous 137 chromosomes of the ancestor (Fig. S5 ). As a result, we expect to see the alternative 138 paralogous gene orders to be uniquely shared between two different pairs of columbine 139 and grape chromosomes. To detect this, we first searched for at least three consecutive 140 genes aligning between a pair of columbine and grape chromosomes and then looked at 141 the distribution of these genes on all the columbine and grape chromosomes. This way 142 of reconstructing chromosomes clearly shows that each of the paralogous chromosome 143 pairs in columbine has a match to a single grape chromosome, with respect to its gene the similarity between columbine and grape chromosomes. When we performed a 146 pairwise alignment between each sliding window of genes on a columbine chromosome 147 and all the genes on a grape homolog, we again see that each member of columbine 148 paralogs gets the best hit to a single grape chromosome (Figs. 5 and S7-9). Reshuffling 149 genes on grape chromosomes further indicates that this pattern of clustering is highly 150 unlikely to be produced by chance alone (p=0-0.05). columbine and grape should also carry these versions on their "orange" and "green" 194 portions. In the hypothetical example here, diploidization precedes the fusion event but 195 may well happen afterwards with no effect on the predicted synteny patterns. "green" (cf. Fig. 6 ).
214
The core eudicots have a hybrid origin 215 Our inference of shared tetraploidy between basal and core eudicots makes use of the 3) and increasing the maximum genic distance between matches (from 20 to 30). This 277 allowed us to extend the synteny blocks towards more proximal regions (Fig. S15 ).
278
Further zooming into the synteny relationship between grape chromosomes that are 279 homologous to columbine chromosome 4 confirmed that there is no evidence of a fusion 280 event ( Fig. 9 ). 
289
The lack of a fusion event on columbine chromosome 6 might explain the fact that it is 290 the smallest chromosome of columbine (Fig. 7) . However, chromosome 4 is comparable for the GO categories "structural constituent of ribosome", "transcription factor 308 activity", "translation" (p<0.001) and "protein tyrosine kinase activity" (p<0.01). 
319
Unlike previous attempts based on genetic distance, our approach simply relies on gene 320 order conservation. It also takes advantage of the well-preserved genome structure of 321 columbines: free from recent WGDs, the columbine genome carries only the traces of 322 the ancient tetraploidy.
324
This approach also helps us shed light on the nature of the gamma hexaploidy found in 325 all core eudicots [9,28-32, and Supplementary Note 5 in 33]. WGDs have often been 326 discussed as if they were "events", ignoring the process by which they originated. We 327 show here that core eudicot hexaploidy is the result of two processes: an ancient 328 tetraploidization shared by all eudicots, followed by allopolyploidization leading to core 329 eudicots. In other words, all core eudicots have a hybrid origin. An allohexaploid origin 330 has indeed been previously suggested by Murat et al. [9] , who identified the three 331 subgenomes of grape using differential patterns of gene loss on "dominant" versus 332 "sensitive" subgenomes. Their classification assumes that the most recently added set of 333 paralogous chromosomes will be "dominant", because they have spent a shorter amount 
Materials and Methods

355
Synteny detection 356 We performed all genes (CDS)-against-all genes (CDS) BLAST for the latest version of in DAGChainer. We filtered the raw output files for both within grape and grape-to-361 columbine synteny. For the former, we only kept the blocks that are syntenic between 362 the polyploidy-derived paralogous chromosomes of grape as identified by Jaillon et al.
363
[28]. For the latter, we required that a given columbine chromosome is overall syntenic 364 to all the three paralogous chromosomes of grape. So, for a given pair of columbine and 365 grape chromosomes, we only kept the blocks if the columbine chromosome also matches 366 to the other members of paralogous grape chromosomes.
368
The raw output files can be regenerated at the CoGe portal [55] using the id numbers 369 provided below for each species (Availability of data and material) and changing the 370 default parameter combination in DAGChainer (D:A=20:5) when needed. D and A 371 specify the maximum genic distance between two matches and the minimum number of 372 aligned gene pairs, respectively, to form a collinear syntenic block.
373
Estimating the divergence between synteny block pairs 374 We used Ks (the number of synonymous substitutions per synonymous site) values 375 provided for each duplicate gene pair by the CoGe portal [55] . We estimated the median saturation effect [56] .
378
Quantifying gene order similarity 379 We first detected three consecutive genes aligning between a pair of columbine and 380 grape chromosomes harboring homologous regions (D:A=0:3). We particularly chose 381 three genes since it is the most stringent value we could use to detect homologous 382 synteny blocks; we detected almost nothing when we required 4 consecutive genes 383 (D:A=0:4). We then looked at the distribution of these genes on a given pair of 384 columbine and grape chromosomes and also on their paralogous counterparts 385 (D:A=0:1). Once we had the gene order for each chromosome, we assigned a unique 386 word to each synteny block and the genes forming the block to be able to use the text represented by a sentence, we quantified the gene ("word") similarity as such: for an 389 initial N number of words on a columbine chromosome (N=window size), we did a 390 pairwise alignment between these N words and a grape chromosome (match=4, gap=-391 1). We repeated the same analysis with the inverted order of N words and picked the 392 maximum alignment score. We repeated these steps by sliding the window by one word 
400
We applied the same stringent criteria (D:A=0:3) to detect the homologous regions 401 between grape and cacao (Theobroma cacao, v1). The same criteria led to very few 402 homologous regions between columbine and cacao. So, we relaxed the parameters for 403 the synteny detection between these two genomes (D:A=0:2) and quantified the gene 404 order similarity with greater window sizes (N=20, 30, 35, 40 and 50). Note that we 405 focused on the triplicated regions distributed across 3 different cacao chromosomes 406 (Figs. 8, S13-14) , which are rather unaffected by lineage-specific shuffling [38] .
407
Statistical testing of gene order similarity 408
Given the gene order similarity between the two different pairs of columbine and grape 409 chromosomes harboring homologous regions, we performed permutation tests to 410 estimate the probability of observing such a clustering just by chance. To do so, we first 411 combined all the grape genes and sampled the same number of genes ("words") as we 412 observe to reconstruct each of the paralogous grape chromosome. We repeated the 413 quantification step as above to get a permuted distribution of alignment score between a pair of columbine and grape chromosomes. We used Wilcoxon rank sum test (W-415 statistic) to quantify the shift in the distribution of alignment scores between one of the 416 members of columbine paralogous chromosomes and its best grape hit when combined 417 with the alignment scores between the same columbine chromosome and other grape 418 chromosomes. We repeated the same analysis for the other member of columbine 419 paralogous chromosomes as well. Having these observed W-statistics, we counted the 420 number of cases (out of 100) where the permuted distributions generate W-statistics as 421 high as or higher than the observed ones. Note that for columbine chromosome 7, whose 422 structure has been greatly shaped by the fusion of WGD-derived paralog chromosomes 423 ( Fig. S4) , we created two paralogous chromosomes using the observed distribution of 424 alignment scores (Fig. S9 ). Columbine chromosome 7 matches best to grape 425 chromosome 11 for the first 14 "words" and to grape chromosome 4 for most of the 426 remaining "words", which define the putative boundaries of columbine paralogous 427 chromosomes before the fusion event. We ran permutation tests for the columbine-428 cacao pairing as well (Figs. S13-14). 430 We used gene annotations provided by JGI [19] to test the null hypothesis that the 431 property for a gene to be retained post-WGD and to belong to a given GO category are 432 independent. We created a 2x2 contingency table as shown below and applied Fisher's 433 exact test for each GO category independently. We repeated the same analysis for 434 tandem gene duplicates as identified by SynMap [29, 55] ; this time testing the null 435 hypothesis that the property for a gene to be tandemly duplicated and to belong to a 436 given GO category are independent. We excluded genes on scaffolds and reported 437 enriched/depleted categories if they remain significant (p <0.05) after multiple test 438 correction (fdr). variables. The letters denote the number of genes for a given category (e.g. "a" denotes 442 the number of retained genes annotated with the tested GO category). 
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GO enrichment analysis
440
